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Abstract 31 
Since the recognition of the name Frankia in the approved lists of bacterial names (1980), few 32 
amendments were given to the genus description. Successive editions of Bergey's Manual of Systematics 33 
of Archaea and Bacteria have broadly conflicting suprageneric treatments of the genus without any 34 
advance for subgenera classification.  This review focuses on the recent results from taxongenomics and 35 
phenoarray approaches to the positioning and the structuring the genus Frankia. Based on phylogenomic 36 
treeing, Frankia is no longer hampered within the artificial assembly and is now the single member of 37 
the monophyletic order, Frankiales, within Frankiaceae family. Polyphasic strategy incorporating 38 
genome to genome data, omniLog® phenoarray together with classical approaches, has allowed the 39 
designation of a type strain and an amended description of the  type species Frankia alni and the 40 
recognition of  up to 10 novel species covering symbiotic and non symbiotic taxa within the genus.  41 
Genome to phenome data will be shortly incorporated for proposing novel species including those 42 
recalcitrant to isolation in axenic culture.   43 
 44 
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Introduction  59 
In the last edition of the Bergey’s Manual of Systematic Bacteriology, Frankia was treated as 60 
the sole genus found in the family Frankiaceae and within the order Frankiales a polyphenetic 61 
assemblage that was marginally supported by 16S rRNA gene sequences (Normand and Benson 62 
2015). The genus descriptions was consistently the same as it appeared in previous editions in 63 
particular first reported by Lechevalier and Lechevalier (1989).  While they denoted that 16S 64 
rRNA gene sequence based phylogeny of the genus Frankia (Normand et al. 1996) together with 65 
several DNA:DNA relatedness studies (Akimov and Dobritsa 1992; Akimov et al. 1991; 66 
Fernandez et al. 1989; Lumini et al. 1996) have been shown to marginally overlap phenotypic-67 
based grouping based on morphology, chemotaxonomic properties (Lechevalier 1994), host 68 
specificity (Baker 1987) and mode of infection (Berry and Sunell 1990), physiological traits 69 
(Dobritsa 1998; Lechevalier 1994). Even so they clearly indicated the heterogeneity nature of 70 
the genus Frankia. The limited number of strains studied and the variability of strains from 71 
study to study have not moved forward these groupings to species delineation (Gtari et al. 72 
2013).  73 
From 2016 onwards, the availability of many genomes (Tisa et al. 2016) covering almost up-to-74 
date observed diversity (Gtari et al. 2013), and the incorporation of taxongenomics and phenoarray, have 75 
helped long-expected species definition according to conventional nomenclature. Several classical and 76 
time-consuming bacteriological techniques for polyphasic taxonomy have been revolutionized. 77 
Genome-to-genome alignments allow phylogenomic treeing, digital calculation of whole-genome 78 
average nucleotide identity (ANI) (Konstantinidis and Tiedje 2005) and digital DNA:DNA 79 
hybridization (dDDH) (Auch et al. 2010). The threshold for 16S rRNA gene similarity for delineating a 80 
bacterial species was also revised in light of taxongenomics (Meier-Kolthoff et al. 2013). Thus, a 81 
threshold of 99.0 % (with a maximum probability of error of 1.0 %) for 16S rRNA sequence similarities 82 
and DDH values above 70 % cut-off point are recommended for species delineation (Wayne et al. 1987). 83 
The omniLog® phenotype microarray, allows the assessment of cultural and physiological properties of 84 
cells based on their ability to reduce an indicator dye rather than estimation of their growth (Miller et al. 85 
1991). Polyphasic strategy incorporating these two approaches together with chemotaxonomy and host 86 
specificity, has allowed speciation of the genus Frankia.  87 
Frankia Brunchorst 1886, 174AL represents the type genus that belongs to the 88 
monogeneric family Frankiaceae (Becking 1970) which is the only member of the order Frankiales 89 
as amended by Sen et al. (2014). It encompasses heterogeneous assemblage of actinobacteria that 90 
may be asymbiotic or facultative symbiotic of taxonomically disparate host plant species 91 
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designed actinorhizal plants (Lechevalier 1993). The root structures that result are designated; 92 
nodules or actinorhiza where the actinobacteria are housed and fed, fix nitrogen and make it 93 
accessible to the host plants (Fig. 1). After the successful isolation of Frankia strains from 1978 94 
onwards (Callaham et al. 1978), microsymbionts of several actinorhizal plants have been readily isolated 95 
in axenic condition (Lechevalier and Lechevalier 1990) and fewer strains have been directly isolated 96 
from soil without passing through plant trapping assay and following a complex protocol (Baker and 97 
O’Keefe 1984). Actually Frankia strains are, virtually, all cultivable in axenic condition including those 98 
yet considered as uncultivable or obligate microsymbionts. Genome analysis and physiological 99 
bioassays has recently resulted in the isolation of previously recalcitrant strains (Gtari et al. 2015; 100 
Gueddou et al. 2018) opening the route to extend the approach for the isolation of several other Frankia 101 
strains.  102 
Frankia genus is Gram-positive, aerobic, chemoorganoheterotroph and may fix 103 
dinitrogen in culture and in association with the host plant. Colonies (Fig. 2a) are ovoid or circular 104 
with a network of highly branched hyphae that can be compact or diffuse in liquid and solid media. 105 
Morphologically, most strains are developmentally complex and are characterized by three 106 
morphological cell structures.  Rudimentary to highly branched hyphae (0.3–0.5 µm in diameter) which 107 
are the primary vegetative state that may bear with different extend two additional unique developmental 108 
structures either terminally or in an intercalary position on the hyphae sporangia and vesicles (Fig. 2b-109 
c). Sporangia are multilocular, ovate to spherical (5–100 µm in diameter), containing non-motile spores 110 
and that may be abundant for some species and very large size up to 50 μm in diameter (Normand and 111 
Lalonde 1983; Normand et al. 2018) or completely suppressed for others (Gtari et al. 2015; Nouioui et 112 
al. 2017a; Gueddou et al. 2018). Vesicles called also diazovesicles are walled swollen (0.6–2.0 µm 113 
diameter) represent the site of nitrogen fixation produced under aerobic conditions of low nitrogen 114 
availability. They may be present in the presence of fixed nitrogen source for some strains or totally 115 
absent in some asymbiotic strains (Baker et al. 1980; Nouioui et al. 2017c).  116 
Current chemotaxonomy is in good agreement with previously reports (for a review see 117 
Lechevalier 1994). Cell wall composition is of type III containing meso-diaminopimelic acid, alanine, 118 
glucosamine, glutamic acid and muramic acid (Lechevalier et al. 1982; Lechevalier and Lechevalier 119 
1990; Nouioui et al. 2016a). Glucose, galactose, mannose and ribose with other species-specific sugars 120 
are present in whole-organism hydrolysates (Lechevalier and Lechevalier 1979; Lechevalier et al. 1983; 121 
Lechevalier and Ruan 1984; Nouioui et al. 2016a-2018c, Normand et al. 2018). Phospholipid pattern PI 122 
consistes of phosphatidylinositol (PI), phosphatidylglycerol (PG), diphosphatidylglycerol (DPG) 123 
(Lechevalier et al. 1983 ; Lechevalier and Lechevalier 1979 ; Nouioui et al. 2016a-2018c, Normand et 124 
al. 2018). Fatty acids include iso-C16:0, C17:1 ω8c (Simon et al. 1989; Nouioui et al. 2016a-2018c; 125 
Normand et al. 21018). Menaquinones are predominantly MK-9(H8), MK-9(H4) and MK-9(H6) 126 
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(Lechevalier 1994; Nouioui et al. 2016a-2018c, Normand et al. 2018). Genome sizes range from 127 
4.9 to 11.2 Mb with 67.6 to 72.8 % CG content (Tisa et al. 2016; Nouioui et al. 2016a-2018c, 128 
Normand et al. 2018).  129 
The two physiological groups A and B previously proposed (for a review see Lechevalier, 1994) 130 
are recoverable with recent cultural and metabolic peculiarities revealed by omniLog® microarray 131 
phenotyping (Nouioui et al. 2016a-2018c). Group A strains lack one or more morphological and/or 132 
symbiotic features (asymbiotic), relatively fast growing and metabolically diverse with an array of 133 
hydrolytic activities and carbon source uses. Group B species fulfill Koch’s postulates and are able to 134 
re-infect their original host and/other actinorhizal plants (symbiotic), are slow-growing and 135 
physiologically more restricted than group A.  136 
Molecular methods have been extensively used to characterize cultured but also uncultured 137 
strains in root nodules and soil (Hahn et al. 1999) and have magnificently helped our understanding of 138 
the genus diversity. Molecular phylogeny consistently identifies three clusters among symbiotic strains 139 
and one cluster of asymbiotic strains (Ghodhbane-Gtari et al. 2010; Gtari et al. 2004; 2015; Normand et 140 
al. 1996; Nouioui et al. 2011; Tisa et al. 2016) (Fig. 3). Cluster 1 subdivided into three cluster 1a-c. 141 
Cluster 1a includes Frankia alni, Frankia torreyi and relatives and are infective on Alnus and 142 
Myricaceae. Cluster 1b contains Frankia canadensis and relatives that are infective and effective on 143 
Alnus and Myricaceae. Frankia casuarinae (Cluster 1c) effectively infects members of Allocasuarina, 144 
Casuarina, and Myricaceae species. Cluster 2 associates the infective and effective species Frankia 145 
coriariae together with other yet uncultured microsymbionts of Coriariaceae, Datiscaceae, 146 
Dryadoideae and Ceanothus. Frankia elaeagni, Frankia discariae, Frankia irregularis and other related 147 
strains are members of cluster 3 and effectively nodulate Colletieae, Elaeagnaceae, Gymnostoma and 148 
Myricaceae species. The fourth cluster includes asymbiotic actinorhizal isolates which lack one or more 149 
morphological and/or symbiotic features (Lechevalier 1996).  150 
A restructuration of the order Frankiales based on phylogenomic treeing using 54 concatenated 151 
conserved proteins retrieved from genomes of 35 families and 17 orders of the class Actinobacteria 152 
permitted to amend the order Frankiales as monophyletic assemblage to only contain Frankiaceae as 153 
type family (Sen et al. 2014). The other hampered taxa were reclassified into three new orders 154 
Geodermatophilales (type family Geodermatophilaceae), Acidothermales (type family 155 
Acidothermaceae) and Nakamurellales (type family Nakamurellaceae).  156 
At present, up to 10 species with effective and/or validly published names have been proposed 157 
within Frankia genus (Table 1) covering species with facultative symbiotic to asymbiotic lifestyle. 158 
Cultures of type strains have been made available in public culture collections primarily in DSMZ -159 
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German collection of microorganisms and cell cultures and then in CECT-Spanish type culture 160 
collection for taxonomic and applied purposes,. 161 
Type species Frankia alni (Woronin 1866) Von Tubeuf 1895 Emended Nouioui et al. 2016a 162 
The species name refers to alder plant. The original description in roots of alder occurred well before 163 
the isolation of the availability of any cultivated strain of the genus. It is a diazotrophic actinobacterium 164 
with three types of cell structures: substrate hyphae, multilocular sporangia and vesicles. Grows 165 
optimally at 28 °C and from pH 6.3 to 6.8. It is able to metabolize d-fructose 6-phosphate, d-glucose 6-166 
phosphate, fusidic acid, malic acid and methyl pyruvate and grows in the presence of guanidine 167 
hydrochloride, lithium chloride, potassium tellurite, propionate, sodium bromate, 1 % sodium lactate 168 
and Tween 40. Resists to lincomycin, minocycline, vancomycin and nalidixic acid and at up to 5 mM 169 
of biphenyl and polychlorinated biphenyl. The cell sugars are galactose, glucose, mannose, rhamnose, 170 
ribose and xylose. Predominant menaquinone is MK-9(H 8). The major fatty acids are iso-C 16 : 0 and C 171 
17 : 1 ω8 c, whereas the polar lipids are PI, DPG, GPL1–3, PG and unknown lipid (L). The G+C content 172 
of type strain is 72.8 mol% and its total genome size is 7.50 Mb (Normand et al. 2007).  173 
The type strain is ACN14aT (=DSM 45986T =CECT 9034T) was isolate  from Alnus viridis ssp. crispa 174 
(Tadoussac, Canada; Normand and Lalonde 1982) and is able to infect Alnus and Myricaceae species.  175 
Based on dDDH (94.3 %) and ANI (99.49%) with type strain, strain AvcI1, an Alnus viridis subsp. 176 
crispa isolate (Baker and Torrey 1980) is a member of Frankia alni species. The strain has the same 177 
host range being infective Alnus, Comptonia and Myrica (Baker and Torrey 1980). Its genome size is 178 
7.7-Mbp with a G+C content of 72.4 mol% (Swanson et al. 2015b).  179 
 180 
Frankia torreyi Nouioui et al. 2018c 181 
The species was named for John G. Torrey, who worked in Harvard University, Petersham, MA USA, 182 
in recognition of his great contributions to Frankia research including the isolation of the first Frankia 183 
strains. 184 
Nitrogen-fixing, with three types of cell structures: substrate hyphae, multilocular sporangia and 185 
vesicles. Able to metabolise propionate, α-keto-butyric acid, D-gluconic acid, p-hydroxy-phenylacetic 186 
acid, citric acid, bromo-succinic acid, and α-keto-glutaric acid and to grow in presence of aztreonam, 187 
lincomycin, minocycline, nalidixic acid, troleandomycin and vancomycin. Cell walls contain meso-188 
Diaminopimelic acid, galactose, glucose, mannose, rhamnose, ribose and xylose. Polar lipid profile 189 
consisted of PI, DPG, GPL1–3, PG, aminophospholipid (APL) and unknown phospholipids (PL1-2) and 190 
lipids (L). Predominant menaquinones is MK-9 (H8), as polar lipid, while major fatty acids are 191 
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composed of iso-C16:0 and C17:1 ω 8c. The genome size of the type strain is 7.6 Mb and digital DNA G+C 192 
content is 72.4%.   193 
The type strain CpI1T (=DSM 44263T = CECT 9035T) was isolated from the root nodules of Comptonia 194 
peregrina (Callaham et al. 1978) and is able to nodulate Alnus, Comptonia and Myricac species. 195 
Based on dDDH value (94.2%) and ANI score (99.5 %) with CpI1T, strain ACN1ag is a member of 196 
Frankia torreyi. The strain was reported as a re-isolate from root nodules of Alnus glutinosa (Lalonde 197 
et al. 1981) inoculated with a strain originally isolated from Alnus viridis spp. crispa collected from 198 
Atikokan, Ontario, Canada (Baker and Torrey 1979). Its genome is of 7.5-Mbp with a G+C content of 199 
72.3 mol% (Swanson et al. 2015a). 200 
Strain CpI-P was reported by Tisa et al. (1983) as derivative of the original strain CpII (Callaham et al. 201 
1978). CpI1-P will not uses succinate as the original isolate that used instead propionate.  The genome 202 
of the orginal strain CpI1T and its derivative have 100% homology of 16S rRNA gene sequences, 99.6% 203 
dDDH value and 99.9% of ANI score indicating that are very closely related and members of the same 204 
species Frankia torreyi.  205 
It is worth noting that by analyzing the two genomes (both of 7.6 Mb with G+C content of 72.4 mol%) 206 
reported by Oshone et al. (2016), revealed that they contain exactly the same genes (in term of number 207 
and sequence homology= 100%) that are related to propionate and succinate metabolisms (results not 208 
shown). Moreover 16S rRNA gene sequence, MLSA and pan-genome phylogenies (Fig. 3) together 209 
with other comparative genomic (data not shown) indicate that they undeniably represent the same 210 
strain.  211 
Frankia canadensis Normand et al. 2018 212 
The species was named based on the country, Canada, from which the type strain was collected. 213 
Nitrogen-fixing actinobacterium growing as three cell structures: septate hyphae, vesicles and 214 
multilocular sporangia. Optimum growth of the strain was observed after 3-4 weeks of incubation at 215 
28°C in BAP medium. Whole cell hydrolysates are rich in meso-diaminopimelic acid, glucose, mannose, 216 
rhamnose (trace), ribose and xylose; polar lipid profile contains PI, DPG, and GPL. The predominant 217 
menaquinone (>25%) was MK-9(H8) and major fatty acid (>30%) consists of iso-C16:0 and C17:1ω8c. 218 
The DNA G+C content is 72.4 mol%. 219 
The type strain ARgP5T (=DSM 45898T = CECT 9033T) was isolated from  Alnus incana ssp rugosa 220 
tree growing on a roadside ditch bank in Quebec city, Province of Quebec, Canada (Normand and 221 
Lalonde, 1982) and able to nodulate Alnus and Myricaceae species. 222 
Frankia casuarinae Nouioui et al. 2016a 223 
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The species was named for Casuarina, referring to the source of the isolate. Diazotrophic 224 
actinobacterium. Multilocular sporangia are formed either terminally or intercalary positions on 225 
substrate hyphae while vesicles are formed terminally. Metabolizes acetic acid, acetoacetic acid, butyric 226 
acid, fusidic acid, β-gentiobiose, methyl pyruvate, propionic acid, sodium lactate, α-hydroxybutyric 227 
acid, p-hydroxyphenylacetic acid, α-ketobutyric acid, potassium tellurite and Tween 40. A positive 228 
reaction is observed in the presence of tetrazolium violet and tetrazolium blue. It resists to nalidixic acid, 229 
minocycline, vancomycin and to polychlorinated biphenyl at concentrations up to 5 mM. The major 230 
fatty acids are iso-C 16 : 0 and C 17 : 1 ω8 c. The predominant menaquinone is MK-9(H 6). The polar 231 
lipids are PI, DPG, PG, three GPL and an unknown lipid. The cell sugars are galactose, glucose, 232 
mannose, rhamnose, ribose and xylose. The G+C content of the strain is 70.1 mol% and its genome size 233 
is 5.3 Mb (Normand et al. 2007).  234 
The type strain CcI3T (=DSM 45818T =CECT 9043T) isolated from Casuarina cunninghamiana 235 
(Florida, USA; Zhang et al. 1984) and the host plants include Casuarinaceae (except Gymnostoma) and 236 
Myricaceae. 237 
As previously expected (Dobritsa 1998), strains world widely isolated from Allocasuarina and 238 
Casuarina species (Australia; KB5 (Rosbrook et al. 1989), India; Cg70.9, Senegal; CeD (Diem et al. 239 
1982), Brazil; BR, Tunisia; BMG5.23 (Ghodhbane-Gtari et al. 2010), and several strains from Egypt; 240 
CgIM4, CgIS1, CcI156 and CcI6 (Mansour and Moussa 2005), Allo2 and Thr (Girgis and Schwencke 241 
1993) fall into Frankia casuarinae species based on dDDH and ANI values that range from 94.6 to 242 
95.7% and 99.3-99.9% respectively. The genome size of these strains ranges from 4.9 to 5.6 with G+C 243 
content of 69.3 to70.1 mol% (Ghodbane-Gtari et al. 2014 ; Hurst et al. 2014; Mansour et al. 2014; 244 
D’Angelo et al. 2016; Ngom et al. 2016; Pesce et al. 2017).  245 
Frankia coriariae  Nouioui et al. 2017a  246 
 The name of species is referring to the host origin of isolation, Coriaria japonica, of the type strain. 247 
Mildly alkaliphilic, and slow growing actinobacterium that form two unique cell structures: dense 248 
mycelium forming brownish colonies and spherical or oval vesicles produced under nitrogen-fixing 249 
conditions. No sporangia are detected. Grows well at 25–30 °C and pH 7–9.5. Optimal growth 250 
temperature and pH are 28 °C and 9.5, respectively. Metabolize acetic acid, acetoacetic acid, citric acid, 251 
cellobiose, D-fructose 6-phosphate, glucuronamide, L-lactic acid, methyl pyruvate, p-252 
hydroxyphenylacetic acid, propionate, pyruvate, Tween 40, a-hydroxybutyric acid, a-ketoglutaric acid 253 
and 1 % sodium lactate. Tolerates up to 2 % (w/v) NaCl. The whole-cell hydrolysate contains meso-254 
diaminopimelic acid, galactose, glucose, mannose and a trace of ribose. The polar lipid pattern is formed 255 
by PI, PG, DPG, GPL1–3 and unknown lipids (L1–3). The major fatty acid (>30 %) and the predominant 256 
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isoprenolog (>30 %) are C18:1 ω9c and MK-9(H6) (44.7 %) respectively. The G+C content of the type 257 
strain is 70.1 mol % (Gtari et al. 2015). 258 
The type strain BMG5.1T (=CECT 9032T =DSM 100624T), was isolated from the root nodule of 259 
Coriaria japonica (Gtari et al. 2015) and was able to re-establish effective symbiosis with Coriaria spp. 260 
and Datisca spp.  261 
Based on 16S rRNA gene homology (100%), dDDH value (95.6%) and ANI score (99.71%) with 262 
BMG5.1T, strain BMG5.30 is a new member of Frankia coriariae species. This strain was isolated from 263 
soil collected in Tunisia using Coriaria myrtifolia as plant trapping bioassay (Gueddou et al. 2018). Its 264 
genome size is 5.8-Mbp with a G + C content of 70. mol%. 265 
Frankia elaeagni Nouioui et al. 2016a 266 
 The name of species is in reference to Elaeagnus, the host plant source of the isolation of the type strain. 267 
Forms vegetative hyphae with a septate mycelium differentiate into sporangia and vesicles. The strain 268 
fixes nitrogen and grows well on BAP medium producing a red pigment. Metabolize acetic acid, 269 
butyric acid, cellobiose, d-fructose 6-phosphate, d-glucose 6-phosphate, l-lactic acid, β-hydroxybutyric 270 
acid, Tween 40, α-ketobutyric acid, propionic acid, tetrazolium blue and tetrazolium violet. It resists to 271 
lincomycin. The cell sugars are galactose, glucose, mannose, rhamnose, ribose and xylose whle the 272 
predominant menaquinone is MK-9(H 4). The iso-C 16 : 0, C 16 : 0 and C 17 : 1 ω8 c as major fatty acid 273 
content and polar lipids are PI, DPG, GPL1–3, PG and unknown lipid (L). The G+C content is 274 
71.7 mol% and the genome size is 7.6 Mb (Nouioui et al. 2013).  275 
The type strain BMG5.12T (=DSM 46783T=CECT 9031T) Elaeagnus angustifolia (Gafsa, Tunisia; Gtari 276 
et al. 2004) and the host plant range includes members of Elaeagnaceae and Myricaceae. 277 
Frankia discariae Nouioui et al. 2017b 278 
The species was named for Discaria, the host plant origin of isolation of the type strain. It is 279 
diazotrophic actinobacterium that grow as substrate hyphae, vesicle and multilocular sporangia 280 
appeared in terminally or intercalary position on the hyphae. Uses D-cellobiose, d-glucose-6-281 
phosphate, d-fructose-6-phosphate, α-hydroxy-butyric acid, l-lactic acid, citric acid, 282 
bromosuccinic acid, fusidic acid, acetic acid, lithium chloride, potassium tellurite and  sodium 283 
lactate as carbon source and guanidine hydrochloride as nitrogen compound. It resists to 284 
phenotype to lincomycin, nalidixic acid, minocycline and vancomycin. Cell walls contain 285 
meso-diamino acid is the principal diamino acid of peptidoglycan, galactose, glucose, mannose, 286 
xylose and ribose. The fatty acid profile (>5%) is composed of iso-C16:0, C17:1 ω8c, C15:0, C17:0, 287 
C16:0, C16:1ω7c C18:1ω9c and C18: 0. The predominant quinone (>50%) is MK-9(H4). Polar lipids 288 
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pattern consists of PI, DPG, PG, GPL1−3 and an unknown lipid (L). The genome size is 289 
7.89 Mb and the GC content is 72.4% (Wall et al. 2013).  290 
Type strain BCU110501T (=DSM 46785T=CECT 9042T) was isolated from the nodule of 291 
Discaria trinervis (Chaia 1998) and its host plants include Rhamnaceae and Elaeagnaceae 292 
species.  293 
Frankia irregularis Nouioui et al. 2018a 294 
The species name refers to irregular ie; inability of the species to infect its original host plant 295 
and to infect taxonomically disparate host plants. Diazotrophic actinobacterium that grow as 296 
red pigmented colonies forming the three cell structures: substrate hyphae, multilocular 297 
sporangia and vesicles. It is able to oxidise D-cellobiose, α-keto-butyric acid, methyl pyruvate, 298 
L-lactic acid, bromo-succinic acid, acetic acid, guanidine hydrochloride; growth in presence of 299 
sodium lactate, potassium tellurite, lincomycin, minocycline and vancomycin. Whole cell 300 
hydrolysates are formed by meso diaminopimelic acid, galactose, glucose, mannose, rhamnose, 301 
ribose and xylose. The predominant menaquinones (>20%) are MK-9 (H4) and MK-9 (H6) 302 
while the major fatty acids (>15%) are composed of iso-C16:0, C17:1 ω8c and C15:0. Polar lipid 303 
pattern consisted of PI, DPG, PG, GPL1–3, APL and unknown lipids. (L). The size of the 304 
genome is 9.5 Mb and digital DNA G+C content is 70.9% (Nouioui et al. 2016b). 305 
The type strain G2T (=DSM 45899T = CECT 9038T) was isolated from Casuarina equisetifolia 306 
(Diem et al. 1982) while the host range include Elaeeagnaceae, Rhamnaceae and Myricaceae 307 
species.   308 
Frankia inefficax Nouioui et al. 2017c  309 
 The species name refers to inefficient ie; the inability of the bacterium to form effective 310 
nitrogen-fixing symbiosis with its plant host. Grows as extremely branched substrate hyphae 311 
with multilocular sporangia while vesicles are not produced accordingly to its inability to fix 312 
nitrogen. Metabolizes D-dextrin, D-glucose-6-phosphate, D-fructose-6-phosphate, D-malic 313 
acid, citric acid, bromo-succinic acid, glucuronamide and aketo-glutaric acid. Tolerates fusidic 314 
acid, lithium chloride, potassium tellurite, sodium bromate, 1% sodium lactate and niaproof. 315 
Guanidine hydrochloride and D-serine are usable nitrogen sources. The cell sugars are 316 
galactose, glucose, mannose, ribose, rhamnose and also fucose being a diagnostic sugar of this 317 
species. The major fatty acids include iso-C16:0, C17:1 ω8c and C15:0 and C17:0. The major 318 
menaquinones are MK-9(H6) and MK-9(H4) while polar lipids are composed of PI, DPG, two 319 
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GPL, PG and an unidentified lipid. The GC% content is 72.3% and the total size of its genome 320 
is 8.815 Mb (Tisa et al. 2016).  321 
 The type strain EuI1cT (= DSM 45817T = CECT 9037T) was isolated from Elaeagnus 322 
umbellata (Baker et al. 1980) and forms ineffective nodules on Elaeagnaceae and Morella 323 
species.  324 
Frankia asymbiotica Nouioui et al. 2017d 325 
The naming of the species is for asymbiotic lifestyle of the strain. It is a diazotrophic 326 
actinobacterium which grows as branched substrate hyphae, vesicles and multilocular 327 
sporangia. Metabolizes acetic acid, butyric acid, cellobiose, a- and b-hydroxybutyric acid, D-328 
glucose, a-ketobutyric acid, methyl pyruvate, maltose, trehalose, sucrose, turanose, D-mannose, 329 
L-rhamnose, D-gluconic acid and propionic acid. Tolerates troleandomycin, rifamycin SV and 330 
aztreonam. Whole-cell contain meso-diaminopimelic acid isomers; galactose, glucose, 331 
mannose, rhamnose and ribose as sugars. Majors menaquinones are MK-9(H4) and MK-9(H6). 332 
Polar lipids are composed of PI, PG, DPG, phosphoglycolipid and phospholipid. Fatty acids 333 
composed of iso-C16: 0 and C17: 1w8c. The DNA G+C content of the M16386
T genome was 334 
71.8% (Gueddou et al. 2017). 335 
The type strain M16386T (=DSM 100626T =CECT 9040T) was isolated from Morella 336 
californica located in Westport-Legget, CA (Lechevalier 1986) is able to fix dinitrogen but 337 
unable to nodulate its host plant of origin or any of the tested actinorhizal plant species. 338 
Frankia saprophytica Nouioui et al. 2018b 339 
The name saprophytica refers here to the asymbiotic lifestyle of the type strain). Grown as 340 
branched substrate hyphae and multilocular sporangia. No vesicle is formed accordingly to its 341 
inability to fix nitrogen. Metabolizes propionate, D-fucose, b-gentiobiose (disaccharide), 342 
acetoacetic acid, butyric acid and L-malic acid (organic acids) and D-serine (nitrogen source) 343 
and to grow in the presence of sodium bromate (salt), tetrazolium blue and tetrazolium violet 344 
(redox indicators), rifamycin SV, minocycline, nalidixic acid and potassium tellurite. Whole-345 
cell hydrolysates contain meso-diaminopimelic acid, galactose, glucose, mannose, rhamnose 346 
and ribose (in traces) as cell-wall sugars. The predominant menaquinone is MK-9(H6). The 347 
polar lipid profile contains PI, PG, DPG, two phosphoglycolipids (PGL1-2), phospholipid, six 348 
uncharacterized glycolipids (GL1-6) and two uncharacterized lipids (L1-2). The major fatty 349 
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acids are iso-C16:0, C17:1 ω8c and C15:0. The NA G+C content of the type strain is 71.8 mol% 350 
(Ghodhbane-Gtari et al. 2013).  351 
The type strain is CN3T (=DSM 105290T=CECT 9314T), isolated from Coriaria nepalensis by 352 
Mirza et al. (1991) and is unable to nodulate any actinorhizal plant species.  353 
Based on 16S rRNA gene homology (100%), dDDH value (99.7%) and ANI score (99.9%) with CNT, 354 
strain EUN1h isolated from soil collected in Tunisia using Elaeagnus umbellata as plant trapping assay 355 
(Gueddou et al. 2017) is a member of Frankia saprophytica species. 356 
 357 
Conclusion 358 
Polyphasic taxonomy of actinobacteria from the genus Frankia has been long-standing 359 
hampered due to persistent problem of studying them with traditional bacteriological techniques (Beson 360 
et al. 2011). Recently the strategy had incorporated genome to genome data, omniLog® phenoarray 361 
together with morphology, chemotaxonomy and host plant range and had permitted to describe several 362 
species with effective and/or validly published names. The heyday of Frankia taxonomy will certainly 363 
continue with further incorporation of genome to phenome data for species delineation purpose. 364 
Prediction of chemotaxonomic and cultural features is at present being explored through annotated 365 
genomes (Riesco et al. 2018; Pujalte et al. 2018). This approach may be applied in the next future to 366 
yet uncultured microsymbionts (Torrey 1990) or Candidatus; Candidatus Frankia discarea (Persson et 367 
al. 2011) and Candidatus Frankia californiensis (Normand et al. 2017; Nguyen et al. 2016).  368 
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Figure legends 602 
Figure 1: Root nodules of Casuarina (A). Cross section through Coriaria myrtifolia nodule 603 
showing infected cells (IC) (B).  604 
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Figure 2: Colonies of Frankia coriariae BMG5.1T gown in BAP medium for 3 weeks (A). Cell 605 
structures of Frankia casuarinae CcI3T; hyphae (h), vesicle and sporangia under scanning 606 
electron microscopy (B) and under transmission electron microscopy (C). 607 
Figure 3: (A); Maximum-likelihood phylogenetic tree based on 16S rRNA gene sequences. 608 
The numbers above the branches are bootstrap support values greater than 60% for ML (left) 609 
and MP (right). (B); Maximum-likelihood phylogeny based on concatenated amino acid 610 
sequences from atpI; gyrA; ftsZ; secA and dnaK proteins. The numbers above the branches are 611 
bootstrap support values greater than 50% for ML (left) and MP (right). (C) Maximum-612 
likelihood phylogenomic tree based on core genome sequences.  613 
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Table 1. Distinguishable phenotypic and chemotaxonomic properties among Frankia species (Nouioui et al. 2016a-2018c, Normand et al. 2018). 626 
 
 
Frankia 
alni 
ACN14AT 
Frankia 
torreyi 
CpI1T 
Frankia 
canaden
sis 
ARgP5T 
Frankia 
casuarin
ae CcI3T 
Frankia 
coriariae 
BMG5.1T 
Frankia 
elaeagni 
BMG5.12T  
 
Frankia 
discariae 
BCU110501T 
Frankia 
irregular
is G2T 
Frankia 
inefficax
EuI1cT 
Frankia 
asymbioti
ca 
M16386T 
Frankia 
saprophyt
ica CN3T 
Colony colour white white white white brown red yellow red white white white 
greyish 
Vesicles/N2-fixation + + + + + + + + - + - 
Sporangia + + + + - + + + + + + 
Carbon source            
Dextrin - - + - - - - - + - - 
D-cellobiose - - - - + + + + - + + 
β-gentiobiose - - - + - - - - - - + 
D-glucose-6-phosphate + w + - - + + - - - + 
D-fructose-6-phosphate + w + - + + + - + - + 
α-hydroxy-butyricacid - - - + + - + w - + - 
β-hydroxy-butyricacid - - - - - + - - - + - 
α-keto-butyricacid - + + + - + - + - + + 
Aceto-aceticacid - - + + + - - w - - + 
Methyl pyruvate + - - + + - - + - + + 
D-gluconicacid - + - - - - - + - + - 
L-lacticacid - - + - + + + + - - - 
L-malicacid + + - - - - - w - - + 
D-malicacid - w - - - - - w + - + 
Citricacid - + + - + - + - + - + 
Bromo-succinicacid - + - - - - + + + - + 
p-hydroxy-phenyl acetic acid - + - + + - - - - - - 
L-pyroglutamicacid - + - - - - - - - - - 
α-keto-glutaricacid - + - - + - - w + - + 
Glucuronamide - - - - + - - w + - + 
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Grow in presence of            
Acetic acid - + + + + + + + - + + 
1%  sodium lactate + + + + + - + + + - + 
Fusidic acid + + + + - - + w + - + 
Lithium chloride + w + - - - + w + - + 
Potassium tellurite + + + + - - + + + + + 
Sodium bromate + + + - - - - w + + + 
Nitrogen sources            
Guanidine hydrochloride + w + - - - + + + - - 
D-serine + + + - - - - w + + + 
Antibiotic resistance to#            
Lincomycin R R R S S R R R R S S 
Nalidixicacid R R R R S S R R R R R 
Minocycline and vancomycin R R R R S S R R R S R 
Major fatty acids  (>15%) 
iso-C16:0, 
C17:1 ω8c 
iso-C16:0, 
C17:1 ω8c  
iso-
C16:0, 
C17:1 ω 
8c 
iso-
C16:0, 
C17:1 
ω8c 
C18:1 
ω9c, 
C16:0 
iso-C16:0, 
C16:0, 
C17:1ω8c 
iso-C16:0, 
C17:1ω8c, 
C16 :0 
 
iso-
C16:0, 
C17:1 ω 
8c, 
C15:0 
iso-
C16:0, 
C17:1ω8
c, C17:0,  
iso-C16:0, 
C17:1 
ω8c 
iso-
C16:0, 
C17:1 
ω8c, 
C15:0 
Predominant menaquinones 
(>20%) 
MK-
9(H8), 
MK-
9(H4) 
MK9(H8) MK-
9(H8) 
MK-
9(H6), 
MK-
9(H8) 
MK9(H6
), 
MK9(H4
) 
MK-
9(H4), 
MK-
9(H6) 
MK-9(H4) MK-
9(H4); 
MK-
9(H6) 
MK-
9(H6), 
MK-
9(H4) 
MK-
9(H4), 
MK-
9(H6) 
MK-
9(H6) 
Host plant origin  
 
Alnus 
viridis 
ssp.crispa 
Comptoni
a 
peregrina 
Alnus 
incana 
ssp. 
rugosa 
Casuar
ina 
cunnin
ghami
ana 
Coriaria
japonica 
Elaeagnu
sangustifo
lia 
Discariatri
nervis 
casuari
na 
equiseti
folia 
Elaeag
nusumb
elata 
Morella 
californi
ca 
Coriaria
nepalen
sis 
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Host plant range Alnus, 
Comptoni
a, Myrica 
Alnus, 
Comptoni
a, Myrica 
Alnus, 
Compt
onia, 
Myrica 
Alloca
suarin
a, 
Casuar
ina, 
Myrica
ceae 
Coriaria
ceae, 
Datisca
ceae 
Elaeagna
ceae, 
Colletieae
, Morella 
 
Colletieae, 
Elaeagnace
ae Morella 
 
Elaeag
naceae, 
Colletie
ae, 
Morella 
 
Elaeag
naceae, 
Colletie
ae, 
Morella 
 
- - 
Genomic G+C content (%) 72.8 72.4 72.4 70.1 70.2 71.7 72.3 70.9 72.3 72.0 71.8 
+, positive reaction; -, negative reaction; w, weak reaction; R, resistance; S, sensitive 627 
 628 
